Introduction
============

As matrix metalloproteinase (MMP) has been appreciated as a marker and target molecule for cancer diagnosis [@B1]-[@B3], it is of great importance to characterize the expression level of MMPs and MMP-driven proteolysis (of peptides), which is necessary for enabling the development of prognostic model for cancer patient [@B3]. In particular, for cancer development (e.g. metastasis), the key process is MMP-driven degradation of extracellular matrix (ECM) circumventing tumors [@B4], [@B5], e.g. see Figure [1](#F1){ref-type="fig"}a, and this ECM degradation is a priori requisite for angiogenesis during cancer progression [@B6]. Among the members of MMP family, MMP2 has been found to play a role in degrading type IV collagen fibrils [@B7], which are major component of ECM, indicating that MMP2 is a good marker molecule for cancer diagnosis. Specifically, MMP2 has been recognized as an important marker for lung cancer [@B8]-[@B10], particularly non-small cell lung cancer (NSCLC), which occupies \~85% of lung cancer patients in the United States of America [@B11].

Though MMP molecules can be detected by conventional bioassays such as immunohistochemistry (IHC) [@B12], western blot [@B13], and enzyme-linked immunosorbent assay (ELISA) [@B14], these bioassays are quite restricted for quantitative characterization of MMP-driven proteolysis during cancer metastasis, which is attributed to their limited detection sensitivity, as well as the inability of antibody used for these bioassays to distinguish MMP from its precursor (i.e. proMMP) [@B15]. Here, we note that proMMP is unable to cleave peptide chains, which implies that proMMP cannot be a marker for cancer diagnosis due to its incapability of ECM degradation. To overcome the limitation of these bioassays based on antibody, the bioassays using zymography [@B9], [@B16], [@B17] or fluorogenic nanosensor [@B18]-[@B20] have been employed to sense only MMP by detecting the cleavage (i.e. proteolysis) of peptide chains due to MMP. By contrast, they are incapable of real-time quantitation of the MMP-driven proteolysis (i.e. peptide cleavage) during cancer development, which restricts the understanding of prognostic model for cancer patients.

Nanomechanical biosensors such as cantilever sensors have recently been highlighted as a bioassay toolkit that is useful for cancer diagnosis at molecular level [@B21]-[@B24], since they allow for not only the highly sensitive label-free detection of biomolecules such as DNA [@B25]-[@B28], RNA [@B29], proteins [@B30]-[@B34], and enzymes [@B35], [@B36], but also the real-time monitoring of biomolecular interactions [@B28], [@B33]. In addition, nanomechanical biosensors have recently been employed for quantitative understanding of the viability of living organisms [@B37] such as cancer cell [@B38] and bacteria [@B39] in response to drug molecules. The basic principle of cantilever-based detection is a direct transduction of biomolecular recognition (occurring on the surface of cantilever biosensor) into the dynamic motion of the biosensor due to biomolecular interaction. Specifically, the biomolecular recognition on the surface of a nanomechanical biosensor leads to the shift of its resonant frequency [@B21] or its deflection fluctuations [@B37]. For a recent decade, the frequency shift due to biomolecular interaction has shown to be a useful measure for depicting the kinetics of biomolecular interactions [@B28] such as proteolysis [@B36]. In recent years, we have shown that nanomechanical biosensor is able to sensitively detect membrane type-1 MMP [@B40], which is a marker molecule expressed on the surface of cancer cell. However, to the best of our knowledge, it is a daunting task to quantitatively identify the status of cancer development based on a label-free detection of MMP molecules secreted in a blood droplet of cancer patient. Specifically, a relationship between the secretion level of MMP and cancer metastasis has remained elusive, while an insight into such a relationship is of great importance to develop the prognostic model for cancer patients. Moreover, nanomechanical biosensor-based bioassay has not been implemented using a blood droplet of cancer patient, albeit a blood droplet-based bioassay is necessary for cancer diagnosis at clinical level.

In this paper, we first demonstrate a nanomechanical biosensor-based diagnosis of lung cancer by detecting the peptide cleavage driven by MMP2 secreted in a blood droplet of lung cancer patients with different metastasis level. In particular, we measured the frequency shift of nanomechanical biosensor due to MMP2-driven proteolysis of peptide chains (functionalized on the biosensor\'s surface) in order to gain insight into a relationship between the secretion level of MMP2 (or equivalently, the amount of cleaved peptide chains due to MMP2) and the level of cancer metastasis. Here, with using the blood droplet of animal model or lung cancer patient, we show that the nanomechanical biosensor allows for quantitative identification of cancer progression by evaluating the amount of peptide chains cleaved by MMP2 under different level of cancer progression. Our study sheds light on the nanomechanical bioassay, which paves the way for developing a fast and point-of-care cancer diagnostics.

Materials and Methods
=====================

Theory
------

We employed continuum elastic model such as Euler-Bernoulli beam model to gain insight into a relationship between the frequency shift of nanomechanical biosensor and the mass of biomolecules that involve in biomolecular interaction (e.g. proteolysis). The relationship between the frequency shift and the change of overall mass for the biosensor due to biomolecular interaction is given by [@B21]

where Δ*ω* and Δ*m* represent the frequency shift of the biosensor and the change of overall mass for the biosensor, respectively, while *ω*~0~ and *m*~0~ indicate the resonant frequency of the biosensor and its mass before biomolecular interaction occurs.

To quantitate the kinetic rate of proteolysis driven by MMP, we consider the Langmuir kinetic model, which provides a rate equation for proteolysis as follows [@B36].

where *N*(*t*) is the number of peptide chains that are functionalized on the surface of the nanomechanical biosensor as a function of time *t*, and *k~P~* is the kinetic rate of proteolysis. We note that the time constant of proteolysis is given by *τ* = 1/*k~P~*. The rate equation given by Eq. (2) provides the number of peptide chains that are cleaved by MMP in the form of

Since the frequency shift of nanomechanical biosensor due to MMP is proportional to the number of cleaved peptide chains, the frequency shift due to MMP-driven proteolysis is given by [@B36],[@B40]

This elucidates that Langmuir kinetic model given by Eq. (4) enables the extraction of the kinetic rate of proteolysis (*k~P~*) from the in situ measurement of the frequency shift due to MMP as a function of time.

Nanomechanical Bioassay
-----------------------

For label-free detection of MMP2-driven proteolysis, the surface of nanomechanical biosensor was chemically functionalized with peptide chains (whose sequence is shown in Figure [1](#F1){ref-type="fig"}b) in such a way that PEGylated peptide chains were immobilized on the amine-modified surface of the biosensor. Specifically, the surface of a cantilever biosensor was chemically modified by 3-aminopropyltrimethoxysilane (200 μL) in deionized water (40 mL) at 85 ºC for 24 hr. Subsequently, the amine-modified surface of the biosensor was purified by excessive deionized water and ethanol. Then, in order to immobilize peptide chains on the surface of the biosensor, the amine-functionalized biosensor was immersed in the PEGylated peptide solution for 24 hr at room temperature after adding EDC (3 μmol). The details of bio-functionalization of the biosensor\'s surface are well described in our previous works [@B36],[@B40]. Here, we used a commercially available cantilever (Bruker AXS, Madison) with its dimension of 40 × 6.25 × 125 μm^3^ (width × thickness × length) and its force constant of 200 N/m.

To measure the frequency response of a nanomechanical biosensor, we utilized Biocatalyst (Bruker AXS, Madison), which enabled us to evaluate the resonant frequency of the biosensor in a real-time. For in situ real-time monitoring of MMP2-driven proteolysis, the biosensor (functionalized with peptide chains) was mounted in a liquid cell, that is, a fluid cantilever holder with O-ring (whose volume is \~80 μL). Subsequently, at room temperature, we injected a biological sample (e.g. buffer solution containing MMP2, cell culture medium, or blood droplet) into the liquid cell, and then the resonant frequency of the biosensor was monitored for every 1 min after injecting the biological sample.

Cell Culture
------------

Cancer cell line H460 (human large cell lung carcinoma) and A549 (human alveolar carcinoma) were purchased from American Type Culture Collection, while WI-26 (human fetal lung cell) and H322 (human bronchioaveolar carcinoma) were acquired from Korea Cell Line Bank. For cell cultivation, we used RPMI (for A549 cell line) or Dulbecco\'s modified eagle\'s medium (for other cell lines), which contains 10% fetal bovine serum (FBS) and 1% antibiotic. Cells were seeded at \~5 × 10^5^, 10^6^, and 2 × 10^6^ cells/mL, respectively, in 60 mm-sized dishes.

Zymography Assay
----------------

Cells were incubated for 24 and 48 h, respectively, and seeded (at 10^5^ cells/mL) in RPMI containing 10% FBS. After starving the cells in serum-free RPMI for 2 h, cell culture medium (20 mL) was mixed with 5× FOD buffer (0.125 Tris-HCl, pH 6.8, containing 5% SDS, 20% glycerol, and 0.01% bromophenol blue) and subjected to 10% SDS-PAGE containing 1 mg/mL gelatin. The gel was washed for each 20 min, followed by incubation with reaction buffer (50 mM Tris-HCl, pH 7.5, containing 10 mM CaCl~2~, 150 mM NaCl, 1 M ZnCl~2~, 1% Triton X-100, and 0.002% sodium azide) for 24 h at 37 ºC. The gel was washed with distilled water, and then stained with Coomasie blue R250, followed by destaining with 35% methanol.

Animal Model
------------

All animal tests were conducted under approval of Institutional Research Board (IRB) under IRB No. SMC-2013-02-058 for clinical research at Kangbuk Samsung Hospital. We consider tumor transplantation to mouse model by using two types of cancer cell lines such as H460 and LLC (Lewis lung carcinoma).

H460-transplanted mouse was developed in such a way that 2 × 10^7^ H460 cells were subcutaneously inoculated into 6 week old female nude mice (Orient Bio, Korea). In 10 days after transplantation, the diameter of tumor reaches 3 to 5 mm. This state is referred to as stage I. Then the blood of the mice was collected from 3 mice by cardiac puncture and tumors were isolated. We refer to stage II as 20 days after transplantation into the mice, and the blood sample at this stage was collected.

As LLC tumor originates from a carcinoma of the lung of C57BL/6 mouse, we also considered LLC transplantation into the mice. The procedure of transplantation is similar to the case of H460 transplantation (as described above). In case of LLC transplantation, we define the stage I as 3 weeks after transplantation, while stage II is referred to as 6 weeks after transplantation.

Immunohistochemistry (IHC) Staining
-----------------------------------

Tumor mass for each tested mouse was isolated, flushed with phosphate buffered saline (PBS), and then mixed with 10% formalin for 24 h. The tissues were then processed with paraffin block. After de-paraffinization and hydration, the tissue slides were stained by hematoxylin and eosin (i.e. H&E staining). IHC staining was accomplished as follows. For antigen retrieval, the slides were incubated with 0.3% H~2~O~2~, and then boiled in 0.01 M citrate buffer. After blocking with 4% bovine serum albumin (BSA), antibodies H-76 (purchased from Santacruz biotechnology) against MMP2 were added for 2 h. Then polymer kit (Dako, Denmark) and diaminobenzidine (Dako, Denmark) were added for IHC tissue staining.

Human Translational Research
----------------------------

The blood sera of normal people and lung cancer patients were collected under the approval of IRB under IRB No. SMC-2005-10-024 for clinical research at Samsung Medical Center. Here, 15 patients suffering from lung cancer at stage IV (but different metastasis level) were randomly selected for obtaining the blood serum of cancer patient.

Results
=======

Nanomechanical Detection of MMP2-Driven Proteolysis
---------------------------------------------------

To sense MMP2-driven proteolysis, we prepared a nanomechanical biosensor by functionalizing its surface with peptide chains, which can be cleaved by MMP2. The peptide-functionalization of a bare biosensor (with its resonant frequency of 506.3 kHz) decreases its frequency with the amount of Δ*ω~F~* = 2.23 kHz, which corresponds to the total mass of functionalized peptide chains being Δ*m~F~* = 640 pg (Figure [1](#F1){ref-type="fig"}c). When the functionalized biosensor was exposed to MMP2 molecules, the resonant frequency of the biosensor (vibrating in normal air) is increasing with the amount of Δ*ω~C~* = 1.01 kHz, which is attributed to the mass of cleaved peptide chains being measured as Δ*m~C~* = 293 pg (Figure [1](#F1){ref-type="fig"}c). For quantitative analysis of the MMP2-driven proteolysis, we consider an in situ real-time monitoring of the frequency shift of a nanomechanical biosensor immersed in a buffer solution due to MMP2 molecules with their concentrations ranging from 0.05 to 5 nM. Figure [1](#F1){ref-type="fig"}d suggests that the in situ frequency shift of the biosensor due to MMP2 is well dictated by Langmuir kinetic model (see Materials and Methods, and also ref. [@B36],[@B40]). Figure [1](#F1){ref-type="fig"}e shows the dependence of the total mass of cleaved peptide chains and the kinetic rate of proteolysis on the concentration of MMP2 molecules. Our nanomechanical detection of MMP2-driven proteolysis was validated by atomic force microscopy (AFM) imaging (see Figure [S1](#SM1){ref-type="supplementary-material"}), which is useful in visualizing the surface where biomolecular interactions occur [@B41],[@B42]. Here, we note that after MMP2-driven proteolysis of peptide chain, the N-terminal amino acids (VRGK) remains on the surface of the biosensor, while C-terminal amino acids (GPLG) are cleaved (Figure [1](#F1){ref-type="fig"}b). This is consistent with AFM images (Figure [S1](#SM1){ref-type="supplementary-material"}), which show that the peptide-functionalization of a bare biosensor leads to the increase of AFM height into 20 nm (average value) due to the length of peptide chains, while MMP2-driven proteolysis reduces the value of AFM height into 10 nm (average value) owing to the length of cleaved peptide fragments. Moreover, we consider negative control experiments with using the buffer solution containing other MMP family (i.e. MMP3, MMP9, and MMP14) in order to verify that our biosensor is only responsive to MMP2 rather than other MMP family, since MMP2 is an important biomarker for lung cancer [@B8]-[@B10]. The results of negative control experiments show that the biosensor is able to selectively detect only MMP2 rather than other MMP family (Figure [S2](#SM1){ref-type="supplementary-material"}).

The MMP2-Driven Proteolysis under Cancer Cell Progression
---------------------------------------------------------

To understand the role of MMP2 in cancer development, we consider the nanomechanical biosensor exposed to cell culture medium, where cancer cells were incubated. Here, we take into account H460 cells with different incubation time from 0 to 12 h. We note that since cellular doubling time is 23 h, our measurement based on incubation time up to 12 h is aimed towards understanding the secretion level of MMP2 molecules released from cancer cells under their progression before cell division occurs. While optical microscope images show that cellular confluency (corresponding to the number of cancer cells) is not increased (Figure [2](#F2){ref-type="fig"}a), the frequency shift of the nanomechanical biosensor due to MMP2 is increasing with respect to incubation time (Figure [2](#F2){ref-type="fig"}b). The MMP2 secretion was confirmed by zymography bioassay (see the upper panel of Figure [2](#F2){ref-type="fig"}c), though this bioassay is unable to quantitate the kinetic rate of MMP2-driven proteolysis. As shown in Figure [2](#F2){ref-type="fig"}c, the dependence of frequency shift due to MMP2 on the incubation time suggests that during cancer progression, though the number of cancer cells is not increased, the secretion level of MMP2 is likely to increase. It is shown that the total mass of peptide chains (Δ*m~C~*^0^) cleaved by MMP2, which was released from H460 cells, is linearly proportional to the incubation time (*T*) such as *d*(Δ*m~C~*^0^)/*dT* = 25 pg/h.

Moreover, we investigate whether MMP2 secretion is a generic process for cancer progression by considering a nanomechanical biosensor that was exposed to cell culture media, where different types of cancer cells such as H460, A549, and H322, respectively, were incubated for 12 h. We observe the frequency shifts of nanomechanical biosensors when they were exposed to aforementioned cell culture media, respectively, which confirms the MMP2 secretion from these cancer cell lines. It is shown that nanomechanical biosensor does not respond to the cell culture medium, in which normal cells such as WI-26 cells were incubated. This provides an evidence that MMP2 secretion does not occur for normal cells. We found that the total mass of peptide chains cleaved by MMP2 secreted from H460 cells is measured as \~300 pg, which is larger than that (i.e. \~200 pg) from other cancer cell lines (Figure [2](#F2){ref-type="fig"}d and e). This observation suggests that MMP2 secretion is a generic process for cancer progression [@B43], while the secretion level of MMP2 molecules is more remarkable for lung cancer.

Correlation between MMP2 Activity and Tumor Growth State
--------------------------------------------------------

To explore the potential of nanomechanical biosensor for cancer diagnosis, we focus on the frequency dynamics of the biosensor in response to MMP2 that is likely to be secreted from tumors appearing in animal model. In particular, we used the blood droplet of animal model, where tumor cells such as H460 or LLC cells were injected. The details of animal model are described in Materials and Methods, and the results of nanomechanical bioassay using LLC-transplanted animal model are presented in Figure [S3](#SM1){ref-type="supplementary-material"}. Here, we concentrate on the results of nanomechanical bioassay using H460-transplanted animal model.

We categorize the H460-transplanted animal models into two groups (i.e. stage I and II) according to tumor size. The weight of tumors at stage I and II is measured as \~0.2 and \~0.8 g, respectively (Figure [3](#F3){ref-type="fig"}a and b). H&E staining shows that cellular density and necrotic region are similar between stage I and II (see the upper panel of Figure [3](#F3){ref-type="fig"}c), whereas IHC experiment qualitatively suggests that MMP2 seems to be vigorously secreted for stage II when compared with stage I (see the lower panel of Figure [3](#F3){ref-type="fig"}c). To characterize the peptide cleavage driven by MMP2 secreted from tumors at two different tumor growth states, we consider the frequency dynamics of nanomechanical biosensor in response to injection of blood droplet (obtained from animal model) into a liquid cell, in which the biosensor was mounted. Figure [3](#F3){ref-type="fig"}d depicts that the frequency shift of a nanomechanical biosensor depends on the tumor growth state, which underlies that MMP2 is a useful marker to identify the tumor growth state. It is shown that the total mass of cleaved peptide chains and the kinetic rate of proteolysis are measured as Δ*m~C~*^0^ = 148 pg and *k~P~* = 6.12 × 10^-2^ min^-1^ for stage I, respectively, while they are evaluated as Δ*m~C~*^0^ = 548 pg and *k~P~* = 13.07 × 10^-2^ min^-1^ for stage II. Our results validate the potential of nanomechanical biosensor for quantitative identification of tumor growth state, which implies that nanomechanical bioassay allows for quantitative understanding of cancer development.

Blood Droplet-Based Cancer Diagnosis: Proteolytic Activity in Cancer Metastasis
-------------------------------------------------------------------------------

To evaluate the potential of nanomechanical bioassay for blood droplet-based cancer diagnosis, we monitored the frequency dynamics of a nanomechanical biosensor in response to injection of a blood droplet obtained from patients suffering from lung cancer, i.e. NSCLC (see Figure [4](#F4){ref-type="fig"}a). Here, the blood samples were acquired from 15 patients suffering from NSCLC at the same stage IV but different metastasis level (Figure [S4](#SM1){ref-type="supplementary-material"}). The negative control experiments were taken into account using a blood droplet obtained from 6 normal people (Figure [S5](#SM1){ref-type="supplementary-material"}), which confirms that MMP2 secretion does not occur for normal people. By contrast, we observe the frequency shift of the nanomechanical biosensor in response to injection of a blood droplet acquired from 15 lung cancer patients. The in situ frequency shifts of the biosensor due to MMP2 molecules secreted from tumors for all 15 lung cancer patients are presented in Figure [S6](#SM1){ref-type="supplementary-material"}. The total mass of peptide chains cleaved by MMP2 is measured in a range of 150 to 600 pg, and the kinetic rate of proteolysis is estimated in a range between 4 × 10^-2^ and 11 × 10^-2^ min^-1^ (Figure [4](#F4){ref-type="fig"}b). The variation of these values is attributed to the different level of cancer metastasis (see below). The average time constant of MMP2-driven proteolysis is evaluated as *τ* = 14.59 min, which alludes that nanomechanical cancer diagnosis can be implemented within few hours leading to acute and fast cancer diagnosis.

The total mass of cleaved peptide chains is a useful measure in understanding the secretion level of MMP2 molecules released from tumors, which leads to the quantitation of tumor growth state. The total mass of cleaved peptide chains is measured as 600 pg for lung cancer patients \#11 and \#12 (Figure [S6](#SM1){ref-type="supplementary-material"}), which is comparable to the mass of peptide chains cleaved by MMP2 secreted from tumors at stage II in animal model (e.g. Figure [3](#F3){ref-type="fig"}c). This implies that the expression level of MMP2 molecules in animal model at stage II may be similar to that for the blood sample of lung cancer patients \#11 and \#12. However, for lung cancer patients \#08 and \#09, the total mass of cleaved peptide chains is estimated as 150 pg, which is comparable to that for tumor growth stage I in animal model. This observation suggests that even though 15 patients suffer from lung cancer at stage IV, the expression level of MMP2 molecules may be different with dependence on the size of tumor. That is, the variation of the values of the total mass of cleaved peptide chains may be attributed to the different size of tumors under different level of metastasis (see below).

We further explore the ability of nanomechanical bioassay to identify the level of cancer metastasis. In particular, we investigate whether the frequency response of nanomechanical biosensor to MMP2 is correlated with the level of cancer metastasis. Here, in order to describe the level of cancer metastasis, we consider two types of classifications - (i) the level of distant metastasis (abbreviated as M), and (ii) the degree of spread to regional lymph node (denoted as N). We found that the average values of the total mass of cleaved peptide chains and the kinetic rate of proteolysis are measured as Δ*m~C~*^0^ = 226 pg and *k~P~* = 5.58 × 10^-2^ min^-1^ for stage M1a, respectively, while they are evaluated as Δ*m~C~*^0^ = 348 pg and *k~P~* = 7.7 × 10^-2^ min^-1^ for stage M1b (Figure [4](#F4){ref-type="fig"}c and d). This indicates that the proteolytic activity of MMP2 is highly correlated with the level of distant metastasis. In addition, the variation of the total mass of cleaved peptide chains is found to be larger for stage M1b than that for stage M1a, which implies that the variation of tumor sizes may be larger for stage M1b than stage M1a. It should be noted that the largest value of the total mass of cleaved peptide chains at stage M1a is less than 348 pg (that is the average value of the total mass of cleaved peptide chains at stage M1b). The value of 600 pg for the total mass of cleaved peptide chains corresponds only to 2 patients suffering from stage M1b (Figure [4](#F4){ref-type="fig"}c). This observation suggests that the total mass of cleaved peptide chains is a useful measure for quantitating the secretion level of MMP2 with a relation to the level of distant metastasis. In a similar manner, the total mass of cleaved peptide chains and the kinetic rate of proteolysis are shown to be critically dependent on the degree of spread to regional lymph node (Figure [4](#F4){ref-type="fig"}e and f). In particular, we found that the value of 600 pg for the total mass of cleaved peptide chains corresponds only to 2 patients suffering from N2-3 stage. It is shown that the largest value of the total mass of cleaved peptide chains for Nx stage is still less than the average value of the total mass of cleaved peptide chains at N1 and N2-3 stages. This suggests that the average value of the total mass of cleaved peptide chains is a useful quantity in identifying the degree of spread to regional lymph node. These results highlight the important role of measuring the level of MMP2-driven proteolysis in lung cancer diagnosis.

Discussion
==========

In this work, we first demonstrate the nanomechanical biosensor-based cancer diagnosis by a label-free detection of MMP2 molecules secreted from tumors appearing in lung cancer patients under different level of cancer metastasis. We show that the frequency dynamics of nanomechanical biosensor in response to MMP2 is a useful measure in quantitating the proteolytic activity of MMP2 in a relation to the level of cancer metastasis. Specifically, the mass of cleaved peptide chains, which can be calculated from the frequency shift of the biosensor due to MMP2, is found to be correlated with the level of cancer metastasis. Here, we note that our nanomechanical biosensor exhibits the high detection sensitivity for sensing the secretion level of MMP molecules. The detection sensitivity of the nanomechanical biosensor is 0.05 nM (e.g. see Figure [1](#F1){ref-type="fig"}d), which is better than the detection sensitivity of other methods such as fluorogenic nanosensor (2 nM) [@B19], ELISA (0.5 nM) [@B14], and zymography (100 nM) [@B9].

Moreover, our work can be further extended for in vivo evaluation of drug efficacy by measuring the frequency response of nanomechanical biosensor to MMP2, whose activity can be regulated by drug injected into animal model or cancer patient, as some drugs have recently been designed to directly target MMP molecules [@B44], [@B45]. In particular, as shown in our previous study [@B40], the treatment of tumors with drug molecules directly targeting MMP will reduce the expression level of MMP, which implies that the total mass of cleaved peptide chains will decrease with drug treatment. The amount of decrease in the total mass of cleaved peptide chains due to drug will provide a quantitative insight into how drug molecules effectively regulate the secretion level of MMP molecules released from tumors. In addition, as various types of MMP molecules are important biomarkers for various types of cancers, the multiplexed detection of MMP molecules is of great importance for cancer diagnosis [@B46]. For our future study, we will consider the cantilever biosensor array [@B25],[@B34] for the multiplexed detection of various types of MMP molecules released from tumors. Furthermore, MMP is also a key marker for inflammation such as pulmonary emphysema [@B47]. Under inflammation condition, the over-expression of MMP molecules is likely to happen. This suggests that our work can be also applicable for studying the expression level of MMP molecules released from macrophage under inflammation condition by measuring the mass of peptide chains cleaved by MMP under different inflammation conditions.

In conclusion, we first suggest the nanomechanial MMP detection-based diagnosis of lung cancer under different metastasis level. Our study implies that nanomechanical bioassay, which is able to quantitatively characterize the status of cancer development with using a blood droplet of cancer patients, may pave the way for developing a prognostic model for cancer patients. Our work sheds light on nanomechanical bioassay that can help to understand the cancer development activated by MMP as well as to develop a fast and point-of-care cancer diagnostics.
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![Nanomechanical detection of MMP2 molecules. (A) Schematic illustration of MMP2-driven degradation of ECM due to the ability of MMP2 to cleave peptide chains that are major component of ECM. (B) Chemical structure of peptide chain, which can be cleaved by MMP2. The cleavage site of a peptide chain is indicated by a red arrow. MMP2 cleaves the chemical bond between glycine and valine in the peptide chain. (C) Resonant frequency curves of a bare biosensor (yellow), peptide-functionalized biosensor (blue), and the functionalized biosensor exposed to MMP2 (purple), respectively. (D) In situ measurement of the mass of peptide chains cleaved by MMP2. (E) Dependence of the total mass of cleaved peptide chains and the kinetic rate of proteolysis on MMP2 concentrations.](thnov07p2878g001){#F1}

![Nanomechanical detection of MMP2 molecules secreted from cancer cells during their progression. (A) Optical microscope images of cancer cells incubated at 1 to 12 h. (B) The mass of cleaved peptide chains (measured from the frequency shift) due to MMP2 secreted from H460 cells incubated at 1 to 12 h. (C) MMP2 secretion was confirmed by zymography bioassay (upper panel). The total mass of cleaved peptide chains and the kinetic rate of proteolysis are shown to depend on the cell incubation time (lower panel). (D) The mass of cleaved peptide chains due to MMP2 molecules that are likely to be secreted from different types of cancer cells such as H460, A549, and H322, respectively, incubated at 12 h. (E) The MMP2 secretion from different types of cancer cell lines was verified by zymography bioassay (upper panel). The total mass of cleaved peptide chains and the kinetic rate of proteolysis are found to depend on the type of cancer cell lines (lower panel).](thnov07p2878g002){#F2}

![Relationship between the secretion level of MMP2 and tumor growth state. (A) Photographic images of tumors at stage I and II, respectively. Scale bar indicates 10 mm. (B) The weight of tumors at these two different stages. (C) H&E images (upper panel) and IHC images (lower panel) for tissues at stages I and II, respectively. (D) In situ measurement of the mass of cleaved peptide chains due to MMP2 for two different tumor growth states. (E) Dependence of the total mass of cleaved peptide chains and the kinetic rate of proteolysis on the tumor growth state.](thnov07p2878g003){#F3}

![Blood droplet-based nanomechanical cancer diagnosis. (A) Schematic illustration of nanomechanical cancer diagnosis using a blood droplet of cancer patient. The lung cancer was indicated by red arrows in the computed tomography images. When the blood droplet of cancer patient was injected into a liquid cell, where a nanomechanical biosensor was mounted, its frequency dynamics was monitored in order to quantitate MMP2-driven proteolysis. (B) The total mass of cleaved peptide chains (indicated by green open-circular dots) and the kinetic rate of proteolysis (shown as red open-triangular dots) for cancer patients. (C) The total mass of cleaved peptide chains with respect to the level of distant metastasis. (D) The kinetic rate of proteolysis as a function of the level of distant metastasis. (E) The total mass of cleaved peptide chains with respect to the degree of spread to regional lymph node. (F) The kinetic rate of proteolysis as a function of the degree of spread to regional lymph node. Here, it should be noted that red-colored abscissa indicates the average value of the quantity such as the total mass of cleaved peptide chains or the kinetic rate of proteolysis.](thnov07p2878g004){#F4}
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